CR rates were 24% in both groups (12 of 50 v 12 of 51), and OS was also similar (median OS, 38.2 v 36.6 months; hazard ratio, 1.11; 95% CI, 0.65 to 1.91; P = .71). Thrombotic microangiopathy was an adverse event unique to the TBI arm and occurred in 13 of 48 treated patients. With a median potential follow-up of 40.9 months, only one of 24 patients who achieved a CR recurred.
Adoptive cell transfer, the infusion of large numbers of activated autologous lymphocytes, can mediate objective tumor regression in a majority of patients with metastatic melanoma (52 of 93; 56%). Addition and intensification of total body irradiation (TBI) to the preparative lymphodepleting chemotherapy regimen in sequential trials improved objective partial and complete response (CR) rates. Here, we evaluated the importance of adding TBI to the adoptive transfer of tumorinfiltrating lymphocytes (TIL) in a randomized fashion.
Patients and Methods
A total of 101 patients with metastatic melanoma, including 76 patients with M1c disease, were randomly assigned to receive nonmyeloablative chemotherapy with or without 1,200 cGy TBI before transfer of tumor-infiltrating lymphcytes. Primary end points were CR rate (as defined by Response Evaluation Criteria in Solid Tumors v1.0) and overall survival (OS). Clinical and laboratory data were analyzed for correlates of response.
INTRODUCTION
During the past 20 years, estimated 5-year survival rates for patients with metastatic melanoma have remained relatively constant at 14% to 16%. 1, 2 Until the recent development of checkpoint modulators, interleukin-2 (IL-2; a nonspecific stimulator of immune effector cells) was the only US Food and Drug Administrationapproved agent capable of inducing objective cancer responses (13%), including durable complete regression (4%). 3 The mechanism of that regression, although not fully understood, likely relied on the presence of immune cells in the peritumoral environment. The strategy of adoptive cell transfer (ACT) was developed to take advantage of three methodologic advances: the ability to generate large numbers of tumorreactive tumor-infiltrating lymphocytes (TIL), to activate cells ex vivo, and to prepare the patient's immune milieu before an influx of effector cells. [4] [5] [6] ACT, in a tripartite regimen that included lymphodepleting chemotherapy, cell administration, and high-dose IL-2 proved to be capable of mediating durable tumor regression in patients at multiple institutions at rates greater than that of IL-2 alone. [7] [8] [9] [10] Building on murine data, sequential clinical studies of ACT of TIL performed in the Surgery Branch (National Cancer Institute, National Institutes of Health) suggested that adding total body irradiation (TBI) to the nonmyeloablating (NMA) chemotherapy preparative regimen could increase the complete response rate (12% NMA alone, 20% with 200 cGy TBI, 40% with 1,200 cGy  TBI) . 11, 12 We tested the hypothesis that increased lymphodepletion will improve clinical outcomes by adding 1,200 cGy TBI to the preparative chemotherapy regimen in a randomized, prospective fashion to determine rates of complete response and overall survival. Here, we report the analysis of this clinical study with median follow-up of 40.9 months in 101 patients with metastatic melanoma.
PATIENTS AND METHODS

Eligibility Criteria
Patients with histologically proven metastatic melanoma, with at least two measurable target lesions $ 1 cm on cross-sectional imaging and Eastern Cooperative Oncology Group performance status , 2 were eligible for screening and metastectomy for TIL. All patients were age $ 18 years with a life expectancy . 3 months and with adequate hepatic, renal, and bone marrow function and clear demonstration of progression of disease $ 4 weeks after any prior therapy. Exclusion criteria included contraindications to TBI, autoimmune disorders that required immunosuppressive therapy, or any active disease that would preclude the administration of IL-2. Before enrollment, TIL generated from patient tumors had to demonstrate growth in culture sufficient to reach quantities necessary for treatment. All patients provided written informed consent approved by the Institutional Review Board of the National Cancer Institute.
Study Design
Patients were randomly assigned to receive one of two lymphodepleting preparative regimens, designated NMA or 1,200 TBI. With the day of cell administration defined as day 0, both preparative regimens began on day 27. NMA consisted of cyclophosphamide 60 mg/kg/d for 2 days (days 27 and 26) and fludarabine 25 mg/m 2 /d for 5 days (days 27 to 23). Patients randomly assigned to 1,200 TBI received the same chemotherapy plus TBI 2 Gy twice per day, with a 6-hour interfraction interval for 3 days (days 23 to 21), for a total of 1,200 cGy. Fractions were delivered with 15-MV photons with opposed lateral beams, tissue compensators, and reduced lung doses (median 6 Gy) as previously described. 13 On day 0, all patients received an intravenous infusion of autologous TIL and began high-dose IL-2 intravenously at 720,000 IU/kg every 8 hours to physiologic tolerance. Those patients who received TBI also received at least 2 3 10 6 /kg of autologous, purified, cryopreserved CD34 + hematopoietic stem cells from a granulocyte colony-stimulating There were no patients lost to follow-up. All randomly assigned patients (n = 101) were included in intent-to-treat analysis. All treated patients (n = 99) were included in evaluation of characteristics of response. factor with or without plerixafor-mobilized pheresis. Prophylactic antimicrobials were administered to all patients, with the addition of oral levofloxacin for additional gram-negative coverage in patients who received TBI.
Efficacy
Patient response to treatment was assessed by using Response Evaluation Criteria in Solid Tumors (RECIST) v1.0 guidelines starting approximately 4 weeks from cell administration and proceeding at regular intervals thereafter. Primary end points were complete response (CR) rate and overall survival. Data in this report are updated as of October 1, 2015, with a median follow-up of 40.9 months.
Laboratory Procedures
TIL were grown from resected deposits of metastatic melanoma as previously described. 14 Fresh tumor was dissected under sterile conditions. A representative sample was collected for formal pathologic analysis. Single fragments of 2 mm 3 to 3 mm 3 (goal of 24 per patient) were placed in individual wells of a 24-well plate, maintained in growth media with high-dose IL-2 (6,000 IU/mL), and monitored for destruction of tumor and/or proliferation of TIL. Any tumor that seemed to be viable remaining after processing was enzymatically digested into a single cell suspension and cryopreserved. Successfully grown TIL were sampled for phenotype analysis (CD3, CD4, CD8, and CD56) and tested against autologous tumor when available. TIL were considered reactive if overnight coculture yielded interferon-gamma (IFN-g) levels . 200 pg/mL and twice background. 15 Cultures with evidence of autologous reactivity or sufficient growth patterns were selected for rapid expansion (REP). If the patient was not moved directly to ACT, TIL were cryopreserved and thawed 2 days before REP. REP used OKT3 (anti-CD3) antibody (Miltenyi Biotech, San Diego, CA) and IL-2 (3,000 IU/mL; Prometheus, San Diego, CA) in the presence of irradiated feeder cells, autologous when possible, at a 100:1 ratio. 14 Cell phenotypes of cryopreserved samples of infusion bag TIL were analyzed by flow cytometry (FlowJo) for surface markers CD3, CD4, CD8, CCR7, and CD45RA (BD BioSciences). Serum cytokines were measured by using standard enzyme-linked immunosorbent assay techniques. A rise in serum IFN-g was defined as . 100 pg/mL and greater than 4 3 baseline levels.
Statistical Considerations
An accrual ceiling of 56 patients per arm was selected to provide adequate power for both end points, described in detail in the Appendix (online only). Continuous parameters were compared between two groups by using an exact Wilcoxon rank-sum test. An exact Cochran-Armitage test was used to compare ordered categorical parameters between two groups. 16 Dichotomous parameters were compared by using Fisher's exact test, and unordered categorical parameters were compared between groups by using Mehta's modification. 17 When analyzing possible prognostic factors, two separate analyses were performed: CR versus non-CR and patients who achieved objective responses versus those who did not. All P values are two-tailed and not adjusted for multiple comparisons. Kaplan-Meier survival curves were created and analyzed by using the log-rank Mantel-Haenszel technique. Overall survival, duration of response, and progression-free survival were calculated from date of random assignment.
RESULTS
Patient Characteristics and Treatment
Over the course of this trial, 203 patients had resection of melanoma for various protocols. Of 82 resections specifically designated for this trial, 72 (88%) were randomly assigned. For three patients, TIL did not grow; one demonstrated a delayed response to prior therapy. Two patients withdrew consent postoperatively, and four patients had rapid progression of disease. Twenty-nine patients were not originally designated for this trial (13 had resection of all known disease, and 16 were considered for other protocols) but were enrolled and randomly assigned when progression occurred. Of 101 patients randomly assigned between March 2011 and December 2013, all completed their planned treatment course except two patients in the 1,200 TBI arm, whose treatment was aborted for progressive disease (Fig 1) . All randomly assigned patients are included in the response and survival Abbreviations: CTLA, cytotoxic T-cell lymphocyte associated protein-4; IFN-a, interferon-alfa; IL-2, interleukin-2; LDH, lactate dehydrogenase; MEK, mitogenactivated kinase kinase; NLR, neutrophil-to-lymphocyte ratio; PD-1, programmed death-1. *P value applies to all age ranges given. †M1a, skin, subcutaneous or nodal metastases; M1b, lung; M1c, all other viscera or elevated LDH.
‡Only two patients progressed through combination therapy, the others progressed sequentially.
analyses. The Data Safety and Monitoring Board ended accrual in 2014 for a lack of differential efficacy.
There were no significant differences between arms in any measured patient characteristic ( Table 1 ). The majority of patients had advanced disease (76% with M1c disease) and were heavily pretreated, although 26% were treatment naïve. This trial overlapped the clinical investigation and eventual approval of checkpoint modulators for the treatment of patients with metastatic melanoma, and 42 patients had progressed through prior treatment with monoclonal antibodies that targeted cytotoxic T-cell lymphocyte associated protein-4 (n = 31), programmed death-1 (PD-1; n = 3), or both (n = 8).
There were no significant differences in the number of cells administered, the phenotype of the cells administered, nor the number of IL-2 doses administered between the two arms. Lymphodepletion is known to increase serum levels of the homeostatic cytokines, IL-7 and IL-15, and this was confirmed in this trial. 13 Levels immediately before cell infusion were similar in both groups, although there was a trend toward increased serum IL-15 levels with TBI (Appendix Table A1 , online only).
Antitumor Activity
Primary end points of this study were objective CR rate and overall survival, and both were virtually identical between the two experimental arms. Each preparative regimen was able to mediate objective CR in 24% of patients (NMA: 12 of 51 patients; 95% CI, 13% to 37%; TBI: 12 of 50 patients; 95% CI, 13% to 38%; Table 2 ). Overall survival curves overlapped, with a median survival of 36.6 months in the NMA arm and 38.2 months in the 1,200 TBI arm (hazard ratio [HR], 1.11; 95% CI, 0.65 to 1.91; P = .71; Fig 2A) . Progression-free survival curves were similarly indistinguishable, with a median time to progression of 7.5 months for patients who received NMA alone and 9.6 months in patients who received the addition of TBI (HR, 1.02; 95% CI, 0.64 to 1.65; P = .93; Fig 2B) . Spider plots that depict the percent change in the sum of the longest diameters of target lesions are shown in Figure 2C . Although the 1,200 TBI arm had more patients with partial responses, they were often of short duration.
Of 42 patients treated after experiencing progression on checkpoint blockade inhibition, 23 (55%) experienced objective response (OR), including 11 (26%) who achieved CR, which mirrored results in the total cohort. When looking specifically at patients whose disease had progressed through anti-PD-1 therapy (n = 11), there were two patients who achieved ongoing CR and two patients who experienced short-duration partial response (8 and 9 months).
To more fully understand the survival curves, we gathered postprogression treatment data when available. In addition to the two patients who were not treated, an additional 66 patients experienced disease progression after ACT. There were no differences in the pattern of progression; 19 patients in each arm developed new sites of metastasis, and 14 patients in each arm progressed in existing disease. Sixteen patients (10 in the NMA arm) pursued at least one treatment that contained an anti-PD-1 agent. Although this might reflect a better performance status, these patients enjoyed a greater median survival, irrespective of response, than those who pursued locoregional treatments or non-PD-1 related systemic therapy (P = .013 for anti-PD-1 v locoregional; and P = .029 for anti-PD-1 v other systemic therapy, unadjusted; Appendix Fig A1, online only) .
Toxicity
The toxicities of treatment were largely a result of the known adverse effects of nonmyeloablative chemotherapy and administration of high-dose IL-2. Despite infusion of autologous hematopoietic stem cells, patients in the 1,200 TBI arm had a slightly longer period of neutropenia, which resulted in a longer index admission but no increase in infection-related toxicity ( Table 3 , Appendix Fig A2, online only) . Unique to the addition of TBI was the late onset (median time to diagnosis, 6.4 months; range, 4.8 to 11.7 months) of thrombotic microangiopathy (TMA) in 13 patients (27%). 18 Although seen more frequently in patients who achieved responses (12 of 31) than in those who did not achieve responses (1 of 19), the diagnosis could be biased toward patients without rapid progression of disease. Management consisted of antihypertensive agents and transfusion support for associated anemia. There was one long-term treatment-related death in a patient who achieved a CR to therapy; complications secondary to TMA led to transfusion-related hemolytic anemia and eventual sepsis from immunosuppressive therapies. The patient died 15 months after treatment with no evidence of melanoma identified at autopsy.
Whereas most patients experienced weight loss from prolonged hospitalization and chemotherapy, it seemed, clinically, that patients who received TBI had more chronic problems regaining appetite and returning to pretreatment body weight. Objectively, weight loss (percent change) at second scheduled follow-up (median 96 days after random assignment) was significantly greater in the TBI arm (29.7% v 21.4%, respectively; P , .001; Table 3 ).
Characteristics of Response
Given the near identical CR rates and survival curves between the treatment arms, we combined cohorts to analyze for possible factors associated with response. There were no statistically significant differences in age, sex, stage, or prior therapy (Table 4 ). Baseline lactate dehydrogenase and neutrophil-to-lymphocyte ratio had statistically different medians but with widely overlapping ranges (Appendix Fig A3, online only) .
Furthermore, there were no differences when evaluating the characteristics of the source of TIL. Nodules resected from viscera, lymph nodes, and subcutaneous deposits were all capable of mediating durable CRs (Table 5 ). For 15 patients, we moved directly to treatment phase without cryopreservation; however, this did not provide any treatment advantage (7 of 15 OR; 47% v 47 of 84 OR; 56%; P = .58). The ability of TIL to recognize autologous fresh tumor in vitro was not predictive of response, nor was the presence of presumed CD8 + tumor recognition (class I blockable reactivity); however, wide variation in target tumor quality and viability may have interfered with the ability to demonstrate recognition. There were no differences in the frequency of reactivity of the TIL fragments from patients who achieved responses and those who did not (Appendix Fig A4, online only) .
When analyzing treatment variables, patients who achieved OR received significantly higher cell doses (P = .0059) and significantly more total CD8 + T cells (P = .0007). This trial was not designed to answer the question of cell dose, as each patient received as many cells as could be manufactured during the clinical REP. In vitro growth may be an intrinsic quality of successful TIL, but there was no evidence of a meaningful threshold to predict response. The vast majority of all infused TIL were within an effector memory subpopulation, as defined by lack of CCR7 and CD45RA surface expression. 19 There was a trend toward more terminally differentiated effector memory cells that coexpressed CD45RA (T EMRA ) in the treatments that did not result in response but that trend was of borderline statistical significance (P = .05, unadjusted; Table 5 , Appendix Fig A5, online only) .
Patients varied greatly in their tolerance to IL-2 (range, zero to 10 doses) but without observed differences between patients who achieved responses and those who did not (five v six median doses; P = .53). There is a trend toward higher peak circulating absolute lymphocyte counts after cell infusion in patients who experienced CR (P = .036; Appendix Fig A5) . There were no differences in postlymphodepletion serum IL-7 and IL-15 levels ( Table 5 ). A serum IFN-g surge within the first 3 days of cell administration was not predictive of response (34 of 97 patients, with four CRs, 11 partial responses, and 19 nonresponses).
DISCUSSION
In this study, ACT of TIL mediated objective CRs in 24% of 101 patients with metastatic melanoma, with 51% overall survival at 3 years. Addition of TBI did not increase CR rates or impact overall survival, but did introduce a new toxicity in the form of TMA. The nonmyeloablative chemotherapy regimen thus seemed to provide sufficient lymphodepletion for successful adoptive transfer without the need to add TBI. It is likely that the high response rates in our earlier studies of TBI can be attributed to patient selection and highlights the need for random assignment to overcome that bias.
There were no clinical or laboratory parameters that could predict response. Even those with statistically different means had sufficient overlap to make them ineffective predictors. Our group previously demonstrated that longer telomere length and persistence of administered lymphocytes at 1 month were associated with response. 20 Others have demonstrated that a higher proportion of CD8 + BTLA4 + TIL correlated with response. 9 Recently, analyses of patients who received checkpoint blockade identified neutrophil-to-lymphocyte ratio , 3 and normal lactate dehydrogenase as positive predictors of response; however, in our lymphodepleted patient population, neither separated patients who achieved responses from those who did not clearly enough to warrant use as an inclusion criterion. 21, 22 Our understanding of TIL antigen specificity in both melanoma and epithelial cancers has evolved since this study was begun. Whole-exome sequencing of melanoma tumors identified nonsynonymous somatic mutations that were recognized by autologous TIL, separate from well-characterized reactivity against shared melanoma differentiation antigens. 23,24 These mutation-reactive cells were identified in the PD-1 + population. 25 In a single patient with cholangiocarcinoma, a TIL treatment with enriched mutation reactive cells led to objective tumor response now ongoing beyond 2 years. 26 A careful evaluation of mutation-reactive cells in both patients who achieve response and those who do not among patients with melanoma treated with TIL is now underway and may yield important new insights. By using tandem mini-gene techniques to display personalized nonsynonymous mutations on autologous antigen-presenting cells as targets, we may overcome the inconsistencies inherent in testing TIL against autologous tumor preparations of variable quality.
Recent advances in clinical immunotherapy have provided new therapeutic options for patients with melanoma. In the largest trial of ipilimumab, a humanized monoclonal antibody against cytotoxic T-cell lymphocyte associated protein-4, there were objective tumor regressions (OR 38 of 540 patients; 7%; CR in three †Length of stay calculated from start of chemotherapy until discharge. ‡Measured at second follow-up (n = 42 for NMA; n = 46 for 1,200 TBI), excludes patients with progressive disease at first follow-up. patients) combined with severe adverse effects, most notably immune-mediated colitis (3% to 5%). 27 A pooled analysis of patients who received ipilimumab confirmed the durability of those responses with a 3-year survival of 22% that remained relatively constant out to 10 years. 28 Monoclonal antibodies that target PD-1 can mediate CRs with a more tolerable adverse-effect profile and fewer episodes of colitis. 29, 30 Nivolumab can mediate ORs in 32% of ipilimumab-refractory patients and 40% of treatment-naïve patients. 31, 32 Pembrolizumab is similarly effective in those populations (OR, 26% and 33%, respectively). 33, 34 The combination of ipilimumab and nivolumab can mediate even greater ORs in 58% of patients (11% CR), but with a high rate of immune-mediated adverse effects. 35 When evaluating the efficacy of either checkpoint blockade or ACT, one must consider the durability of clinical benefit. At the time of this writing, median potential follow-up for patients treated with combination checkpoint blockade is , 2 years. Of 24 patients who achieve CR in this study, plus the 20 patients reported previously by our group, only two have developed recurrent melanoma at 19 and 27 months with a median potential follow-up of 53.4 months.
The patients in this study whose disease had progressed through checkpoint blockade had outcomes almost identical to the group as a whole, but the small experience prevents a meaningful analysis of any one specific regimen or agent. This suggests that tumor regression that is mediated by ACT may exploit additional mechanisms distinct from or in addition to those used by checkpoint blockade. In a currently accruing trial, we have evaluated an additional eight patients with disease that had progressed through PD-1 blockade, with two ORs. Efficacy of ACT after progression of disease through anti-PD-1 therapy remains an open question and is currently being investigated.
The tripartite regimen developed at the Surgery Branch of the National Cancer Institute is capable of providing complete, durable, and likely curative responses in patients with metastatic melanoma and is a viable experimental therapeutic option. The relative contributions of augmenting the antitumor repertoire through ACT and manipulating the tumor microenvironment are not yet known, and optimal treatment may require both, which is a hypothesis we are currently testing with the addition of pembrolizumab to ACT. Alternatively, cell transfer therapy may find a role as a salvage treatment for patients who are refractory to other approaches.
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The protocol called for a futility evaluation at the first Data Safety and Monitoring Board meeting after 56 total patients were randomly assigned and observed for at least 6 months. Because of rapid accrual, the futility evaluation performed at the annual first meeting included 78 total patients and did not result in closing the study as the conditional power on the basis of survival exceeded 10% at that time. A year later, when 101 total patients were enrolled (95 evaluable), survival curves were not significantly different (P = .86). Because the accrual rate had slowed during the year, the Data Safety and Monitoring Board voted to close the trial to future enrollment as a result of of a lack of differential efficacy between the arms with respect to OS.
Toxicity
There were three patient deaths that would be censored in an analysis of disease-specific survival. In the arm that received total body irradiation 1,200 cGy, one patient who achieved a complete response developed an endometrial carcinosarcoma 33 months after therapy, and one patient who had a partial response died of complications of normal pressure hydrocephalus (19 months). A third patient (partial response; nonmyeloablative chemotherapy arm) died of operative complications after her disease progressed (14.7 months). Abbreviations: IL, interleukin; NMA, nonmyeloablative chemotherapy; TBI, total body irradiation; T CM , CD3 + CD45RA 2 CCR7 + ; T EM , CD3 + CD45RA 2 CCR7 2 ; T EMRA , CD3 + CD45RA + CCR7 2 ; TIL, tumor-infiltrating lymphocyte; T N , CD3 + CD45RA + CCR7 + . *All P values are uncorrected.
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